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Fred M. Phillips, Marek G. Zreda This hypothesis has proved difficult to test, in large part because of the difficulties in dating moraines by 14C and other conventional approaches. Cosmogenic nuclide methods (5) can be used to directly date moraines (6, 7) , but various uncertainties (8, 9) render tenuous direct chronological comparisons with millennial-scale events such as iceberg discharges.
An alternative approach that circumvents these difficulties is to investigate continuous and datable sedimentary records in environments associated with mountain glaciers. Although the sediment-based approach provides a nearly continuous record, it must use indirect proxies for glacial extent. Here we test glacial proxies in a sediment record from Owens Lake, California (10) , by comparing the '4C chronology of the proxies with direct 36C1 ages of Sierra Nevada moraines.
The Owens River drains the eastern flank of the Sierra Nevada (Fig. 1) (Fig. 2) .
The largest boulders available on the crest of each moraine (Fig. 2) were sampled by hammer and chisel close to the center of their top surfaces. The samples were processed and analyzed for 36Cl by standard methods (13) . Ages were calculated for rock-surface erosion rates of 0 and 5 mm/ka (Fig. 2 and Table 1) (14) .
If all of the boulders sampled on a single moraine had the same history, except for variable rock erosion rates, then all samples should show mutual overlap within some part of the age range indicated by the erosion calculations. Instead, boulders from a single moraine usually show scatter toward young ages because soil erosion progressively exposes boulders after moraine deposition (8) . We have therefore interpreted the overlapping range of ages that cluster at the maximum end of the range for each moraine as the depositional age (15) .
The data (Fig. 2) Fig. 2 . Chlorine-36 age distributions compared with proxies for glacial extent from Owens Lake sediments from (9) . Peaks in the proxy records are interpreted as indicating extensive glaciation.
Moraine maps and corresponding 36CI ages are color coded. Bloody Canyon (BC) map modified from (6), Bishop Creek (BpCr) from (26), and Chiatovich (CH) from (27) . Dots indicate 36CI ages assuming zero rock erosion rate, and bars indicate the ages assuming a 5-mm/ka erosion rate.
recorded by moraines, presumably because the moraines were overridden by the later, more extensive advances. These glacial events in the Sierra Nevada appear to be temporally related to climatic cycles in the North Atlantic and elsewhere. The earliest advance, at 49 ± 2 ka, was close to the time of Heinrich event 5 (H5) [43 ka on the GRIP time scale (18) and about 47 ka on the GISP2 scale (19) ], although uncertainties in both 36CI and ice core chronologies at this age range do not permit any close correlations. No moraines correlative to H4 were dated. The Owens Lake core (Fig. 2) indicates that this was an extended interval of limited glacial extent in the Sierra Nevada, and any moraines associated with H4 were probably destroyed by subsequent, more extensive advances. The Tioga 1 advance at 28 ± 1.5 14C kyr appears to have slightly preceded H3, and the Tioga 2 advance seems to have slightly preceded H2, although the '4C chronologies of neither the marine nor the Owens Lake cores are sufficiently precise to permit unambiguous distinction of phase relations. The Tioga 2 advance appears to have been a critical transition point in the climate system. After this advance, the climate did not return to the previous oscillatory pattern but rather locked into a full glacial mode. This pattern of rapid increase in glacial extent beginning at about 23 14C kyr strongly resembles that inferred for global ice volume from Huon Peninsula terraces (20) and 180 in tropical ocean cores (21) . The Tioga 3 advance clearly immediately preceded H1, and the Tioga 4 advance at -14.5 to 13 14C kyr probably included at least the latter half of H1. The extent of both lakes and glaciers was apparently large, but not maximum, during the time preceding Hi. At close to the initiation of Hi (15 to 14.5 '4C kyr), the glaciers retreated suddenly, and Owens Lake shrank to near desiccation [less than half of the modern (22) surface area], but by the end of H1, the glaciers had readvanced and the Owens River lacustrine system rapidly refilled to peak late Pleistocene levels (23) (more than five times the modern surface area). The peak in both glacial and lacustrine extent was apparently brief.
The above summary indicates that al- 
